SUMMARY In an attempt to correlate host and parasite-related events occurring during the course of a primary Giardia infection in the mouse we have measured epithelial cell kinetics, enzymes, and intraepithelial lymphocytes at different stages of the infection. New methods were developed for the accurate measurement of parasite numbers and distribution within the gut. In jejunum a modest decrease in villus length and intraepithelial lymphocytes at week 1 preceded a pronounced disaccharidase deficiency at week 2, the time of maximum trophozoite numbers, whereas crypt lengthening and increased cell production became maximal at week 3. As trophozoite numbers fell the intraepithelial lymphocyte count and disaccharidase values rose. With the exception of the intraepithelial lymphocyte count, which followed the same pattern as in jejunum but two weeks later, the changes seen in the ileum were the opposite of those in jejunum, suggesting rapid ileal adaptation. The results indicate that the disaccharidase deficiency associated with giardiasis is likely to represent a direct effect of the parasite on the brush border rather than enterocyte immaturity, whereas the intraepithelial lymphocyte response reflects host immunity to the parasite. Profound adaptive changes occur throughout the small intestine in response to a relatively localised insult.
overall degree of malabsorption,2 7 8despite the fact that the distribution of the parasite along the small intestine in man is unknown, and the proximal jejunum may not necessarily be representative of the mucosa of the whole small bowel.
Giardiasis affects many other species, including laboratory rodents. Murine giardiasis is a useful experimental system for studies of host parasite relationships, for it is possible to document the magnitude and time-course of infection by cyst and trophozoite counts. 9 We have previously reportedl' that in chronic murine giardiasis the intraepithelial lymphocyte count is increased, epithelial cell kinetics are altered, and tissue sucrase activity is reduced. These features are similar to those in the jejunum in 'mild' human disease.
In the experiments described in this paper we have examined the progression of changes in epithelial cell kinetics, enzymes, and intraepithelial lymphocytes during a primary Giardia muris infection. The objectives have been to establish which, if any, of the pathological features appear to be correlated with the magnitude of the parasite 498
Features of small intestinal pathology in a primary Giardia muris infection infection at that site, and whether any of these features are likely to be due to mechanisms other than the direct effect of the parasite. In particular, we were interested in the possible role of the immune response as a mechanism of tissue damage.
Methods

ANIMALS
CBA mice (male and female) between 8 and 10 weeks of age at the time of infection were used. They had free access to tap water and pelleted rodent diet (Strats mouse pellets providing 4.2 calories/g, protein content 21.3%). Faecal specimens and intestinal contents of stock CBA mice were checked regularly to confirm the absence of protozoal and helminth infections in the colony.
GIARDIA MURIS INFECTION
Giardia muris cysts were provided by Dr I RobertsThompson and flown from Australia to the United Kingdom by airmail. Stock mice were infected by oral inoculation of 1000 cysts, and the infection maintained by weekly inoculation of two or three adult CBA mice. For all experiments, CBA mice aged 8 to 10 weeks were infected by intragastric administration of 1000 Giardia muris cysts in 0.2 ml tap water. Cysts were isolated and counted by the method of Roberts-Thompson et a19 described below.
CYST COUNTS
A two-hour faecal collection was obtained from each mouse by isolating it within a plastic tub for two hours. Faeces were then broken up in tap water and the faecal suspension layered on molar sucrose of specific gravity 1.11, and centrifuged at 400 g for 15 minutes. Cysts, concentrated at the water-sucrose interface, were removed, washed in normal saline and resuspended in a known volume before counting in a haemocytometer. With this technique the limit of detection is 1000 cysts per specimen.
TROPHOZOITES: HISTOLOGY
In animals which were used for measurements of epithelial cell kinetics and disaccharidases, the presence of trophozoites in the intestine was confirmed histologically or by direct smear of jejunal contents.
TROPHOZOITE COUNTS: VIBRATION METHOD
Accurate trophozoite counts were performed in other batches of animals, by a vibration method. The animal is killed, the small intestine removed intact, and the mesentery peeled off. The gut is then everted on a spiral rod of glass or steel, exposing the luminal surface, and the ends tied with silk sutures. The top part of the spiral rod is then connected to a Chemap AG Vibromix Model Type El, which has a vibration frequency of 50 Hz. The spiral is then placed in a dish containing 100 ml of fluid (98 ml normal saline, 2 ml acetyl cysteine Airbron) at 4°C. The intestine is then vibrated in medium for 10 minutes at the full power of the Vibromix, a 10 ml sample of medium removed, centrifuged at 400 g for 10 minutes, the supernatant discarded, the pellet resuspended in 0*5 ml of medium and the trophozoites counted in a haemocytometer. The total trophozoite count/100 ml -that is, per intestine -is calculated. With this technique the limit of detection is 10 000 trophozoites/animal.
TROPHOZOITE COUNT: SIEVE METHOD
In order to define the distribution of trophozoites along the intestine, another technique was used in a small number of animals. The whole small intestine was removed and its length measured. Beginning at the gastroduodenal junction, segments of whole intestine 1 cm in length were taken, discarding 2 cm between each. Thus counts were performed on one-third of the entire intestine. Each 1 cm segment was mashed through a stainless steel grid with holes of 50 ,um diameter, using a glass rod, and washed through with 1 ml normal saline from a syringe and needle. Aliquots of the resulting suspension were then examined and a trophozoite count performed in a Neubauer haemocytometer.
MEASUREMENTS OF EPITHELIAL CELL KINETICS AND INTESTINAL ARCHITECTURE
A stathmokinetic technique, using colchicine blockage and microdissection, was used. A group of mice (10-15 in most experiments) was taken and colchicine (BDH) injected, 5 mg/kg body weight, intraperitoneally. Mice were killed by ether overdosage or cervical dislocation at intervals from 30 minutes to 24 hours later and a piece of jejunum, 10 cm from the pylorus, and a piece of ileum, 5 cm from the ileocaecal valve, were dissected out and fixed in a 75% absolute alcohol, 25% glacial acetic acid mixture, for 24 hours. Tissues were then transferred to 75% alcohol until processed for measurements of villus length, crypt length, and metaphases/crypt.
For measurements of crypts and villi, tissues were stained in bulk by an adaptation of the Feulgan technique of Wimber and Lamerton. 12 In all studies the overall significance of the results was first assessed by parametric and non-parametric one way analyses of variance (F-test and KruskallWallis respectively). Where appropriate individual groups were then compared using Student's t test.
Results
TIME-COURSE OF INFECTION AND DISTRIBUTION OF TROPHOZOITES
In order to establish the typical time-course of infection in the strain of mice used for the experiments, the pattern of cyst excretion after infection with 1000 cysts was examined in eight CBA mice at one, two, three, four, and six weeks post-infection. In addition cyst counts were carried out in 50 CBA mice which had been infected between three and 11 months previously, for the maintenance of a stock of infected animals.
Thirty-seven infected mice were killed at intervals up to six weeks post-infection (six to nine animals/ group) and in each animal the total small intestinal trophozoite load was measured by the vibration technique. A further 18 stock CBA mice, three to 11 months post-infection, were killed and trophozoites counted by this vibration technique.
Results are shown in Fig. 1 . Results of cyst counts show the pattern of cyst excretion to be very similar to previous reports, with peak cyst excretion at two weeks, and cysts undetectable in the majority of animals after four weeks. The number of trophozoites also reached a peak at two weeks postinfection, with values in some animals as high as 15-18x106. Trophozoites were also found in substantial numbers at six weeks post-infection, when cysts were no longer detected in faeces, and were also present in 50% of the animals studied at three Fig.  2 . The findings confirm the previously reported observations, that the greatest number of trophozoites are to be found in the proximal small bowel, although early in infection substantial numbers (several thousand trophozoites/cm segment) were present in the ileum. As the infection progressed the localisation became more obviously confined to the upper jejunum.
In Table 1 the control mice. In the ileum the only abnormality in the early phase post-infection was a significant increase in lactase at one week and sucrase at two weeks post-infection. Significantly low values for lactase and sucrase, however, were obtained in specimens taken at six, eight, and 10 weeks postinfection (Fig. 6 ).
EFFECTS OF PRIMARY GIARDIA MURIS INFECTION ON INTRAEPITHELIAL LYMPHOCYTE COUNTS IN JEJUNUM AND ILEUM
Counts of intraepithelial lymphocytes were performed in six uninfected mice, and in groups of six infected one, two, three, four, six, eight, and 10 weeks previously. The results are summarised in Fig. 7 . In the jejunum there was a significant reduction in the intraepithelial lymphocyte count at one week, but by three weeks the counts were significantly raised, and remained so thereafter. In the ileum a significant fall occurred at three weeks, and raised counts were obtained from six weeks onwards. Fig. 6 Effects ofprimary Giardia muris infection on disaccharidase content of ileal mucosa, in CBA mice either uninfected, or at intervals from one to 10 weeks after Giardia muns infection.
SUMMARY OF THE ABNORMAL FEATURES
In Table 3 the features of abnormality of intestinal architecture, disaccharidases, and lymphocyte counts in these experiments are summarised. In jejunum, peak trophozoite numbers were present at two weeks with many parasites in the jejunum up to four weeks post-infection. A modest reduction in villus length and intraepithelial lymphocytes occurred at week 1, and striking disaccharidase deficiencies at week 2. This was followed by lengthening of the crypts of Lieberkuhn and a raised crypt cell production rate, peaking at week 3. Later after infection, as trophozoite numbers fell, the intraepithelial count rose, and there was an increase in both the length of the villi and the disaccharidase actvity of the jejunum.
In contrast, in the ileum few or no trophozoites were present during the course of this infection. The only changes in the mucosa of the ileum in the early phase were an increase in the content of sucrase and lactase at weeks 1 and 2 respectively, and a decrease in crypt cell production rate and intraepithelial°°0 The aim of the present study was to examine small intestinal epithelial cell kinetics and villus and crypt architecture, brush border enzyme activity, and intraepithelial lymphocyte counts throughout the course of infection, in order to establish which of the changes could be attributed directly to the parasite load and which were likely to be secondary to the host response. The most striking effect clearly attributable to the parasite itself was a reduction in brush border disaccharidase activity, particularly that of lactase, in the jejunum at two weeks post-infection. This result was in conflict with our original hypothesis that the changes in disaccharidases known to occur in giardiasis reflected the presence of an immature enterocyte population. 19 In fact, the changes in intestinal architecture and epithelial cell kinetics were small in comparison with the drop in disaccharidase activity, and by week 3, when changes in the crypts were maximal, disaccharidase activity had returned to normal. It has been recognised that the presence of Giardia adjacent to a sheet of columnar epithelial cells is accompanied by damage to the microvilli covering the luminal cell surface.20 This phenomenon has also been found in bacterial overgrowth of the small bowel.21 As giardiasis and bacterial overgrowth frequently occur together,22 23 the precise mechanism whereby the brush border enzyme activity is reduced needs further investigation.
The changes in intestinal architecture early in the course of the infection consisted mainly of a very limited increase in crypt mitosis with villi of normal length. This is similar to the pattern of intestinal architecture which we found in chronic murine giardiasis,10 and also is similar to the chronic low-grade graft-versus-host disease of mice.24
Mucosal changes in graft-versus-host disease and in allograt rejection are caused by cell-mediated hypersensitivity. 14 24 We have proposed that T cells secrete 'enteropathic' lymphokines which act directly on the crypt cells and stimulate mitosis. In a more vigorous cell-mediated reaction they may also lead to villus damage. This hypothesis has been supported by the work of Roberts-Thompson and Mitchell,17 who showed that the changes in the villus-crypt ratio of giardia infected athymic (nude) mice were augmented when the mice were reconstituted with lymphoid cells from non-infected donor mice.
There were significant changes in the intraepithelial lymphocyte counts in both jejunum and ileum. In the jejunum there was a significant reduction in the intraepithelial lymphocyte count at week 1, but by week 3, when parasite numbers were falling, the intraepithelial lymphocyte count was raised and remained so throughout the study. Similar changes occurred in the ileum but the changes appeared two to three weeks later. Intraepithelial lymphocytes are mainly T cells25 and these results provide further evidence for involvement of T cell mediated immune reaction during the expulsion phase in giardiasis. Intraepithelial lymphocyte counts have been found to be raised in the majority of adults and children with giardiasis who have been investigated for malabsorption. 25 Our findings of a sustained rise in intraepithelial lymphocyte count after trophozoites have largely been eliminated suggests that the occasional isolated finding of a high intraepithelial lymphocyte count in the jejunal biopsy of a patient investigated for diarrhoea may indicate recent, self-cured protozoal infection. The fall in intraepithelial lymphocyte count early in the course of the infection is unexplained and would merit further study.
The changes in small bowel architecture late after infection (weeks 8 and 10) consisting, in the jejunum, essentially of an expansion in villus size with increased disaccharidase activity, and in the ileum of a diminution in villi and crypts with reduced disaccharidases, were entirely unexpected findings. The ileal changes tend to run in the opposite direction from those in the jejunum, and would be consistent with the remarkable adaptive properties of the ileum. As with the intraepithelial lymphocyte counts, these features illustrate how a relatively minor insult, albeit more or less localised to one part of the small bowel, may lead to prolonged alterations in epithelial cell turnover and in mucosal lymphoid cell populations throughout the intestine.
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